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Advanced Oxidation Process (AOP) has been developed for the wastewater 
treatment through generation of highly reactive hydroxyl radical which offers a complete 
removal of organics owing to its greater efficiency in mineralization. Fenton’s oxidation, 
being one of the AOPs, has been widely used to degrade pollutants due to the nature of 
its simple reaction. Organic contaminants are oxidized into carbon dioxide and water by 
the powerful hydroxyl radical oxidant during the Fenton’s process. Irradiation of UV light 
to Fenton’s oxidation of the amine wastes will strongly accelerate the rate of degradation 
of pollutants. The major aim for the author to perform this study is to simulate and develop 
a unified kinetic models on Fenton oxidation of refractory organic compound with respect 
to different operating parameters with the aid of engineering simulation software. The 
models can be used to predict the steady-state performance for Fenton degradation of 
organic compound in wastewater. Among the operating parameters being tested include 
the initial pH effect, the initial concentration of hydrogen peroxide and the effect of 
ferrous iron concentration. A kinetic study has been conducted on the chosen organic 
compound based on the availability of data from existing literature. The kinetic model 
developed was tested against several systems of different organic compounds, including 
phenol, guaiacol and monoethanolamine, to determine the feasibility of the model to 
predict the degradation of organic compounds in Fenton’s reaction. The development of 
the model can be further improved in the future with the availability of data obtained from 
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1.  INTRODUCTION 
1.1 Background of Study 
 
The project is related to the degradation of refractory organic compound in 
wastewater treatment. This project will focus on the development of kinetic models on 
Fenton oxidation of organic pollutants in aqueous medium. Fenton oxidation is a type of 
advanced oxidation process (AOP) which involves chemical oxidizing agents in the 
presence of an appropriate catalyst and/or ultraviolet light (Legrini et al., 1993). As for 
Fenton reaction, the oxidant used is hydrogen peroxide (H2O2) (Dao and De Laat, 2011) 
and for Photo-Fenton reaction the oxidant is H2O2 with ferrous or ferric iron as the catalyst 
and in the presence of ultraviolet light. The effect of varying operating parameters in the 
effectiveness of refractory organic compound removal in waste water using Fenton’s 
oxidation process will be studied by developing kinetic model for each organic compound 
and with the aid of simulation from engineering software such as MATLAB and 
POLYMATH. The three parameters of interest include; the effect of variation in pH, the 
effect of initial concentration of H2O2, and the initial concentration of ferrous iron. The 
performance of degradation with respect to the parameters mentioned will be simulated 
with the aid of engineering software by measuring the efficiency of organic compound 
removal, total organic compound (TOC) removal or the level of chemical oxygen demand 
(COD) by comparing the results from models developed with the experimental results. 
 Fenton process has been widely used and adopted in the wastewater treatment for 
various types of industries due to the reduced use of oxidizing agents, such as hydrogen 
peroxide (Pontes et al., 2010). Ferrous iron and hydrogen peroxide are the key 
components for Fenton oxidation due to the ferrous iron properties which lack of toxicity 
and its easy removal from water. Hydrogen peroxide is environmentally benign due to its 
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slow decomposition into water and oxygen (Wang et al., 2011). Besides its application in 
the municipal and industrial water and wastewater treatment, Fenton oxidation is also 
applied in soil and groundwater treatment. The application of Fenton process in industries 
involved several stages including pH adjustment, oxidation and reduction reactions, 
neutralization and coagulation, and precipitation where the main operation parameters 
include H2O2 and Fe
2+ doses, organic content and pH (Bensalah et al., 2011). 
 
1.2 Problem Statement 
 
Liquid effluents generated from the operation of a variety of chemistry-related 
industrial process contain toxic substances which are harmful not only to the environment 
but to human being as well. These liquid effluents are also released through a number of 
common household or agricultural applications. Improper management of these residues 
can cause contamination of the soil and of subterranean and surface water sources. Thus, 
in order to predict the performance of Fenton reaction in the degradation of organic 
compound, mathematical models are developed by fitting the model to the experimental 
data of the degradation of these organic compounds. 
  
1.3 Objective and Scope of Study 
1.3.1 Objectives 
 
The aim of this project is to develop a unified mathematical model for the Fenton 
reaction to predict the performance of Fenton reaction in the degradation of refractory 
organic compound with respect to different operating parameters. The effectiveness is 
measured by the trend developed with the aid of engineering software for the simulation 
of the treatment of respective organic compound. The parameters used in this work 
include initial pH effect, initial concentration of H2O2 and initial concentration of Fe
2+ for 






 1.3.2 Scope of Study 
  
This project involves the development of kinetic models of refractory organic 
compound degradation by Fenton oxidation. The mathematical models developed will be 
used to predict the degradation of respective organic compound. The degradation of 
organic compound varying in parameters ranging from pH, initial concentration of H2O2 
and ferrous iron concentration are simulated with the proposed model and compared with 
the experimental results. Experimental results are obtained from experiments done by 
previous researchers for phenol, guaiacol and monoethanolamine. 
 
 
1.4 Relevancy of the Project 
 
 Chemical Engineering – Development of mathematical model for the 
prediction of Fenton’s oxidation for organic compounds requires the 
knowledge on the principles of Fenton’s process as well as organic chemistry. 
 Wide application of wastewater treatment – The growing need in wastewater 
treatment is one of the driving forces for this project in which the development 
of mathematical model is important for the prediction of Fenton’s degradation 
of organic compounds. Hence, with the development of unified model, the 
performance of organic compounds can be predicted. 
 
1.5 Feasibility of the Project within the Scope and Time Frame 
 
 Scope of study – This project was carried out within the scope of chemical 
engineering course as it encompasses various aspects of this field of study. 
 Time allocation (2 semesters) – There are two parts in this project where the 
first part involves the pseudo steady state modelling of organic compounds 
based on the existing model. In the second part of this project, mechanistic 
model for a selected organic compound has been developed and the simulated 









2. LITERATURE REVIEW AND THEORY 
2.1 Overview of the Fenton’s Oxidation 
 2.1.1 The Fenton’s Reaction 
  
 The Fenton reaction is originated from the reaction of ferrous iron (II) with 
hydrogen peroxide (H2O2). This reaction was developed in the 1890s by Henry John 
Hortsman Fenton who first observed the oxidation of tartaric acid by a mixture of iron 
sulphate (FeSO4) and H2O2 (Mwebi, 2005). The classical mechanism of Fenton reaction 
is a simple redox reaction in which ferrous iron (II) is oxidized to ferric iron (III) and 
H2O2 is reduced to hydroxide ion (OH-) and the hydroxyl radical (OH.) by the following 
reaction (Machulek Jr et al., 2012). 
 
Fe     aq
2+  +  H2O2   →   Fe     aq
3+  +   HO•  +   OH−   (1) 
 
 The ferric iron produced in reaction (1) can be reduced back to ferrous iron by a 
second molecule of H2O2 by the following reaction: 
 
Fe     aq
3+  +  H2O2 →  Fe     aq
2+  +   H+  +   HO2
.                 (2) 
 
 According to Machulek et al. (2012), the thermal reduction of ferric iron to ferrous 
iron in reaction (2) is much slower as compared to the initial reaction (1) thus requiring 
the addition of relatively large amount of ferrous iron to support the reduction process of 
ferric iron in reaction (2) in order to degrade the pollutant of interest. Fenton’s reagent 
has been found effective in treating various industrial wastewater components such as 
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aromatic amines and wide variety of dyes, pesticides and surfactants as well as many other 
substances (Barbusiński, 2005). 
 
 2.1.2 The Photo-Fenton’s Reaction 
 
 The Photo-Fenton reaction mainly consists of two reactions, the Fenton reaction 
(1) and the Photo-Reduction (reaction 3) (Tokumura et al., 2013). The rate of pollutants 
degradation by Fenton reaction is accelerated with the irradiation of UV or visible light 
due to the photochemical reduction of ferric iron (III) back to ferrous iron (II). The net 
reaction can be written as:  
   
𝐹𝑒     𝑎𝑞
3+  +   𝐻2𝑂  
ℎ𝑣
→   𝐹𝑒     𝑎𝑞
2+  +   𝐻𝑂•  +   𝐻+   (3) 
 
 Ferrous iron (II) and hydroxyl radical are produced during the photoreaction of 
Fe(OH)2+ (Pozdnyakov et al., 2000). Thus, Photo-Fenton reaction generates an additional 
hydroxyl radical which is responsible for the degradation of organic material alongside 
the regeneration of ferrous iron (II), the catalyst for reaction (1). 
 
2.2 The Principles of Fenton’s Process 
 2.2.1 General Pathway of Fenton’s Process 
 
 The Fenton’s degradation of organic compounds can be classified into four major 
stages which involves the formation of hydroxyl radical (OH•) which is responsible in the 
degradation of organic compounds to form carbon dioxide and water. The first step is to 
determine the stoichiometric model for the degradation of the contaminants present in the 
effluent which will describe the chemical reactions that the contaminants undergo in the 
treatment. The general stoichiometric model for the degradation process through Fenton’s 






Figure 2.1: General structure of the Fenton’s process pathway (Pontes et al., 2010) 
 
 
Degradation of all organic compound will follow the same mechanism for Stage 
1 and Stage 2, which are the Fenton reaction. The stoichiometric model for Stage 3 and 
Stage 4 will differ according to the organic compound of interest. The stoichiometric 
model for the organic compound degradation by the Fenton process is shown below for 
Stage 1 and Stage 2. 
 
Stage 1 (Oxidation of Fe(II) to Fe(III): 
 
  𝐹𝑒2+ + 𝐻2𝑂2  
4
→ 𝐹𝑒3+ + 𝑂𝐻− + 𝑂𝐻•    (4) 
 
Stage 2 (Degradation of organic compound of interest, OC): 
 
  𝑂𝐶 + 𝐻𝑂•  
5
→ 𝐻2𝑂 + 𝐶𝑂2      (5) 
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Stage 3 (Fe(II)/Fe(III) Redox Reaction): 
 
  𝐹𝑒3+ + 𝐻2𝑂2  
1
→ 𝐹𝑒2+ + 𝐻+ + 𝐻𝑂2
•    (6) 
  𝐹𝑒3+ + 𝐻𝑂2
•  
2
→ 𝐹𝑒2+ + 𝐻+ + 𝑂2     (7) 
  𝐹𝑒3+ + 𝑂2
•−  
3
→ 𝐹𝑒2+ + 𝑂2      (8) 
 
From the stoichiometric model depicted for Stage 1, Stage 2 and Stage 3, the 
kinetic expression and mass balances for a batch operation mode of the relevant 
components in the model have been proposed as shown in the table below. 
 
Kinetic expression Mass balances on component model 
𝑟1 = 𝑘1 · [𝐹𝑒
3+] · [𝐻2𝑂2] 
 








𝑟4 = 𝑘4 · [𝐹𝑒
2+] · [𝐻2𝑂2] 
 




=  𝑟4 − 𝑟1 − 𝑟2 − 𝑟3 
𝑑[𝐹𝑒2+]
𝑑𝑡
=  𝑟1 + 𝑟2 + 𝑟3 − 𝑟4 
𝑑[𝐻2𝑂2]
𝑑𝑡




=  𝑟1 − 𝑟2 
𝑑[𝐻𝑂•]
𝑑𝑡
=  𝑟4 
𝑑[𝑂𝐶]
𝑑𝑡
=  −𝑟5 
 
 
For the purpose of developing the kinetic model, the rate of degradation of organic 
compound is assumed to be the pseudo first-order kinetic with the hypothesis of pseudo 
steady-state concentration of hydroxyl radical (Khamaruddin et al., 2011) which is in 
agreement with the experimental result of organic compound degradation done by 
Bensalah et al. (2011) where the plots of the organic compound concentration vs. time 







 =  𝑘5 · [𝑂𝐶] · [𝐻𝑂
•] =  𝑘𝑎𝑝𝑝 · [𝑂𝐶]   (9) 
 
where 𝑘𝑎𝑝𝑝 is the apparent organic compound degradation rate constant which can be 
determined by integrating and rearranging equation (9) to form a linear equation, in which 
𝑘𝑎𝑝𝑝 is the slope of the linearized plot. Equation (9) can be integrated by setting the 
boundary condition [𝑂𝐶] =  [𝑂𝐶]0 for 𝑡 = 0 and [𝑂𝐶] =  [𝑂𝐶]𝑡 for 𝑡 = 𝑡 which leads to 
Equation (10): 








     (10) 
   ln (
𝑂𝐶𝑡=0
𝑂𝐶𝑡=𝑡
) =  𝑘𝑎𝑝𝑝 • 𝑡    (11) 
 
The value of kapp from the plot of ln([OC]t=0 [OC]t=t⁄ ) vs. time (t) will determine the 
highest pseudo first-order rate constant and R2 is the correlation coefficients used to 
predict the reliability of the equation. Once the value of kapp for the Fenton process have 
been determined, the rate constant for the reaction of organic compound with HO• 
radicals, kOC−HO•, can be evaluated, in which competition kinetic model is one of the 
method which has been previously used by several authors (Bensalah et al., 2011) 
 
2.3 The Effect of Different Parameters on the Fenton’s Reaction 
 2.3.1 The Effect of pH 
 
Based on the experiments conducted by previous researchers on the effect of 
varying pH to the Fenton’s degradation of organic compound, the optimum value for 
Fenton’s reaction to take place is in the range of 2.5 – 3.5 (Ebrahiem et al., 2013; 
Khamaruddin et al., 2011; Oancea and Meltzer, 2013). The effect of pH on the reaction 





Figure 1.2: The effect of pH on the reaction efficiency (Bishop et al., 1968) 
 
 It can be observed that the optimum pH for the Fenton’s reaction occurs between 
pH 3 and pH 6, in agreement with the previous experiment mentioned. The transition of 
iron from its hydrated ferrous iron form to a colloidal ferric species resulted in the drop 
of efficiency on the basic side where the ferric species catalytically decompose the 
hydrogen peroxide into oxygen and water, without the formation of hydroxyl radicals 
(Bishop et al., 1968).  
 
 2.3.2 The Effect of Ferrous Iron Concentration 
 
 In order to produce hydroxyl radical, hydrogen peroxide will need to react with 
iron to produce hydroxyl radical which is responsible in the degradation of organic 
compound. Increasing the iron concentration will increase the rate of removal of organic 
compound until a point is reached where further addition of iron becomes inefficient. 
Three factors typically influence the definition of iron concentration (Bishop et al., 1968):  
  
 For ferrous iron concentration, there is an optimum amount of ferrous iron 
concentration for the degradation of organic compound where further increase 
in its concentration will result in decrease of organic compound degradation.  
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 The ratio of ferrous iron to substrate is also important in the degradation 
process where different composition will affect the reaction products 
distribution. 
 
2.3.3 Effect of Temperature 
 
The rate of reaction with Fenton’s reagent increases with increasing temperature, 
where the effect can be clearly observed at temperatures less than 20 °C. The 
decomposition of hydrogen peroxide into oxygen and water will be accelerated when the 
temperature rises above 40-50 °C resulted in the decrease of the efficiency of hydrogen 
peroxide utilization (Bishop et al., 1968). As a practical matter, most commercial 
applications of Fenton’s reagent occur temperatures between 20-40 °C.  
 
 2.3.4 The Effect of Reaction Time 
 
 Among the variables that affect the total time needed for the completion of a 
Fenton’s reaction will be the dose of catalyst and the wastewater strength itself. For 
simpler phenol oxidation, typical reaction times are 30 – 60 minutes (Feng and Le-Cheng, 
2004; Pontes et al., 2010). The reaction will take longer time for more complex and 
concentrated wastes where for such cases, the reaction can be done in several steps by 
adding both ferrous iron and hydrogen peroxide which may be more effective and safer 























3.2 Project Work 
 
 The project is divided into two sections where the first section is the validation of 
the existing model from previous works. In this section, different organic compounds are 
used to predict the effectiveness of the model which employs two reaction pathways, 
radical reactions and complex reaction which was developed by Feng and Le-Cheng 
(2004) in their work for phenol degradation. Guaiacol and MEA are used as organic 
compounds of interest to validate this model. In the second section of this work, kinetic 
study of specific organic compound, which is phenol, has been developed based on the 
Literature
Review
• Preliminary research on existing studies on the topic from journals and books
• Understand the concept of Fenton reaction and wastewater treatment
Modeling
• Modeling of reaction based on the existing research paper from literature review
• Development of model based on the operating paramaters involved in this study
Simulation
• Simulation of the Fenton reaction from the model developed with the aid of engineering 
software 
• Analyse the result and come out with results and discussions
Conclusion
• Conclude the findings
• Prepare the final report for the project
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principle reactions of Fenton process and the intermediates formed in between. The results 
from the model are then compared with the experimental results from existing literature. 
 
3.2.1 Kinetic Study for the Validation of Unified Model 
 
 For the development of global kinetic model, the degradation of organic 
compound is assumed to follow two pathways, complex reaction and radical reaction. 
Feng and Le-Cheng (2004) have developed the kinetic model based on these two reactions 
and validated the model with the experimental data of phenol degradation in Fenton 




Figure 2.1: The principle pathways of organic compounds degradation (Feng and Le-Cheng, 2004) 
 
 Figure 3.1 represents the possible reaction pathways of organic compounds where 
organic compounds or phenolic compounds can proceed through complex reaction or 
radical reaction. In complex reaction, organic compounds undergo direct degradation to 
the final substrates, carbon dioxide and water. In radical reaction, the organic compound 
is first converted into organic intermediates such as acetic acid and maleic acid by 
hydroxyl radical before undergoing further degradation into water and carbon dioxide. 
All reactions in Figure 3.1 have been assumed to follow pseudo-first-order kinetics and 
can be represented as: 
 
                                                               −
d[PC]
dt
= (K1 + K2)[PC]                                      (12) 
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                                                          −
d[OI]
dt
= K3[OI] − K2[PC]                                      (13) 
 
 Where PC and OI represent phenolic compound and organic intermediate 
respectively. Ki is related to the aforementioned parameters which are pH, H2O2 dosage 
and initial concentration of ferrous iron. Integrating both equations from the initial 
conditions at time, t = 0 and combining them, yields (Feng and Le-Cheng, 2004): 
 





K1 + K2 − K3
e−K3t +
K1 − K3
K1 + K2 − K3
e−(K1+K2)t           (14)  
 
 Total concentration of organic substituents is presented by [PC+OI] or total 
chemical oxygen demand (COD) where [PC+OI]o (CODo) is the concentration at t = 0. 
 
 [PC + OI] = [COD]o [
K2
K1 + K2 − K3
e−K3t +
K1 − K3
K1 + K2 − K3
e−(K1+K2)t]     (15) 
 
 This model is then used to predict the degradation of guaiacol and MEA in this 
work by solving the nonlinear multiple regression of K1, K2 and K3 respectively by using 
MATLAB software. 
 
 3.2.2 Mechanistic Study of Phenol Degradation 
 
 Various products can be considered when studying phenol oxidation in Fenton’s 
reaction. The concentration of phenol (C6H6O), catechol and hydroquinone were 
measured in course of reaction for three different experiments with different H2O2 
concentrations conducted by Pontes et al. (2010). The initial concentrations of ferrous 
iron and phenol are kept constant at 1.0 × 10-3 mol L-1 and 12.1 × 10-3 mol L-1 respectively 




 For the model development of phenol degradation in Fenton process, the principal 
reactions of Fenton process in Eq. 1 and Eq. 2 have been considered together with the 





→  DHCD•                                                              (16) 
DHCD• + Fe3+
𝑘17
→ Fe2+ + Catechol                                          (17) 
DHCD• + Fe3+
𝑘18
→ Fe2+ + Hydroquinone                              (18) 
Catechol + HO•
𝑘19
→ THCD•                                                          (19) 
Hydroquinone + HO•
𝑘20
→ THCD•                                              (20) 
 
Where: DHCD• = di-hydroxyl-cyclohexa-di-enyl radical 
 THCD• = di-hydroxyl-cyclohexa-di-enyl radical 
 
 The rate of formation of perhydroxyl radical in Eq. 2 has been neglected because 
it is much slower than the rate of formation of hydroxyl radical itself (Gallard and De 
Laat, 2000). Eqs. 17 and 18 have also been neglected in the development of this model 
because of the fast reaction between ferric iron and the radicals. Considering that the 
degradation of phenol apparently follows pseudo first-order kinetics in the whole process, 
the reaction rate of phenol could be defined as Eq. 21. 
 




•] = kap[C6H6O]              (21)       
 
where, 𝑟𝐶6𝐻6𝑂 denotes the rate of consumption of phenol, [𝐶6𝐻6𝑂] and [𝐻𝑂
•] are the 
concentrations of hydroxyl radical and phenol respectively and 𝑘𝑎𝑝 is the pseudo first-
order rate constants and equals to 𝑘16[𝐻𝑂
•]. Performing the integration and applying 
initial conditions [𝐶6𝐻6𝑂] =  [𝐶6𝐻6𝑂]0 at 𝑡 = 0 and [𝐶6𝐻6𝑂] =  [𝐶6𝐻6𝑂] at 𝑡 = 𝑡 gives 
 
                                                         ln (
[C6H6O]
[C6H6O]o




 By plotting the values of ln([𝐶6𝐻6𝑂]0 [𝐶6𝐻6𝑂]⁄ ) as a function of reaction time, 
first-order kinetics with respect to phenol could be obtained, as shown in the figure 3.2 
together with the linear correlation coefficients (R2) and kap or the slopes of the first-order 
kinetics which are shown in the table 3.1. 
 
 
Figure 3.2: Fitting of the experimental data to first order reaction kinetics for different dosing rate of H2O2 
 
Table 3.1: The first-order rate constant and linear correlation coefficients from Figure 3.2. 
H2O2 Feed Flow Rate 
(mol/min) 
kap (s-1) R2 
0.0025 0.0010282 0.9943 
0.0050 0.0024110 0.9974 
0.0100 0.0045634 0.9972 
 
 The correlation coefficient, R2, varying from 0.9943 to 0.9974, indicates that the 
first-order kinetics provides a reasonable description of the Fenton oxidation. The reaction 





              −k19[Catechol][HO
•] − k20[hydroquinone][HO































According to the steady-state assumption, the value of rHO• is 0. Rearranging Eq. 23 








•]                                                             (24) 
 





𝑘16[𝐶6𝐻6𝑂] + 𝑘19[𝐶𝑎𝑡𝑒𝑐ℎ𝑜𝑙] + 𝑘20[𝐻𝑦𝑑𝑟𝑜𝑞𝑢𝑖𝑛𝑜𝑛𝑒]
             (25) 
 
Substituting Eq. 25 into Eq. 21, the following equation based on the first-order reactions 





𝑘16[𝐶6𝐻6𝑂] + 𝑘19[𝐶𝑎𝑡𝑒𝑐ℎ𝑜𝑙] + 𝑘20[𝐻𝑦𝑑𝑟𝑜𝑞𝑢𝑖𝑛𝑜𝑛𝑒]
          (26) 
 
Multiplying Eq. 26 with 
1 𝑘16[𝐶6𝐻6𝑂]⁄
1 𝑘16[𝐶6𝐻6𝑂]⁄












                              = 𝑘𝑎𝑝[𝐶6𝐻6𝑂]                                                             (27) 
 

























 The parameters 𝑘𝑎𝑝 𝑘1⁄ , (𝑘𝑎𝑝 𝑘1⁄ )(𝑘19 𝑘16⁄ ) and (𝑘𝑎𝑝 𝑘1⁄ )(𝑘20 𝑘16⁄ ), could be 
directly determined using multiple linear regression as shown in Appendix II provided 
that the concentration of intermediates products are known and the values are 5.27056 × 
10-5, -2.55326 × 10-6 and -8.06292 × 10-7 respectively. Referring to 𝑘𝑎𝑝 = 4.5634 ×
 10−3, 𝑘HO• could be calculated as: 
 
𝑘HO• = 𝑘1 = (4.5634 ×  10
−3) (5.27056 × 10−5)⁄  
          = 86.07                                                                                                                       (29) 
 















Therefore, the oxidation rate of phenol in the Fenton process can be expressed as: 
 








        (30) 
 
The values obtained from this model are validated with the experimental value of the 
phenol degradation (Pontes et al., 2010). 
 
 3.2.3 Simulation of Proposed Kinetic Model 
 
 After developing kinetic models based on the principal pathways of each organic 
compound degradation, parameter estimation consists of fitting the model to experimental 
data by searching the values of the model parameters that best describe these data. The 
model fitting is defined by an error criterion to be minimized, which is generally the sum 
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of the squares of the differences between the model predictions and the experimental data. 
One of the methods to solve for the model parameters includes either linear and/or 
nonlinear regression where multiple parameters need to be solved. With the aid of 
mathematical software such as MATLAB and POLYMATH, the regression can be done 
to fit an arbitrary model equation to a set of data points. The MATLAB function that 
accomplishes this is nlinfit. POLYMATH can also be used to fit a general nonlinear 
function model to independent variables from the experimental data where the regression 
will adjust the values of the model parameters to minimize the sum of squares of the 
deviations between the model predictions and the experimental data as mentioned earlier. 
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4. RESULTS AND DISCUSSION 
 
 For the first part of this work, the unified model is used to predict the degradation 
of guaiacol and MEA based on the available experimental data with variation in 
parameters which include pH, dosage of H2O2 and initial concentration of ferrous iron. 
The kinetic model developed in the second part of this work is based on the experimental 
results of phenol degradation (Pontes et al., 2010) with variation in H2O2 concentration. 
 
4.1 Guaiacol Degradation Prediction with the Unified Model 
 
 In this part, the model represented by Eq. is used to predict the performance of 
guaiacol degradation. MATLAB software is used to perform nonlinear multiple 
regression to obtain the values of K1, K2 and K3 respectively. Experimental data of 
guaiacol are obtained from previous work by Samet, Y., et al. (Samet et al., 2011). 
   
 4.1.1 Effect of Initial pH on Guaiacol Degradation 
 
 Fig. 4.1 shows the plot of experimental data on guaiacol degradation at different 
pH concentration done by Samet et al. (2011) represented by the symbols and the 
modelled data from the unified model in Eq. 15 are represented by the lines. Parameter 
K1, K2 and K3 determined through nonlinear multiple regression by using MATLAB 
software are shown in Table 4.1. MATLAB coding for the nonlinear multiple regression 





Figure 4.1: Effect of initial pH concentration on guaiacol solution COD degradation 
 
Operational conditions: Dosing rate of H2O2 60 mg min-1, [Fe
2+]
o = 8 mM and 
 temperature 40 °C.  
 
Table 4.1: Results of guaiacol degradation at different initial concentration of pH 
 pH = 2 pH = 3 pH = 4 pH = 5 
K₁ 0.1525 0.1656 0.1037 0.0488 
K₂ 0.1341 0.1691 0.0940 0.0481 
K₃ 0.0276 0.0508 0.0279 0.0125 
K (K₁ + K₂) 0.2866 0.3347 0.1977 0.0969 
α (K₁/K₂) 1.1372 0.9793 1.1032 1.0146 
 
From the figure above, the initial pH value effective for the degradation of 
guaiacol through Fenton’s process is at pH 3.0 where the production of hydroxyl radical 
is optimum in acidic conditions. Hydroxyl radical is produced through the decomposition 
of hydrogen peroxide in the presence of ferrous ions. The rate of degradation decreases 












































The rate of guaiacol degradation is low at pH 2.0 due to the formation of complex 
species [Fe(H2O)6]
2+ and [Fe(H2O)6]
3+ between ferric ions and hydrogen peroxide (Samet 
et al., 2011). High concentration of hydrogen ions resulted in the protonation of peroxide 
to form the stable oxonium ion H3O2
+ which subsequently increases the electrophilicity 
and stability of H2O2 and causes the decrease of H2O2 reactivity with Fe
2+. The high 
concentration of hydrogen ions also resulted in higher scavenging effect of hydroxyl 
radical by hydrogen ions (Feng and Le-Cheng, 2004). The rate of degradation is also slow 
for pH higher than 3.0 due to the formation of ferrous and ferric hydroxide complexes 
having lower catalytic capability than ferrous ions and as well as decomposition of 
hydrogen peroxide into oxygen and water, losing its oxidation ability (Gulkaya et al., 
2006). 
 
From the plot of experimental versus modelled data, the values of K1 and K2 for 
guaiacol degradation are the highest for pH 3.0, in agreement from previous investigations 
of different organic compounds degradation (Ahmadimoghaddam et al., 2010; Wang et 
al., 2011). This observation indicates that both complex oxidation of guaiacol and further 
oxidation of organic acid are promoted at pH 3.0. Decreasing the pH value from 3.0 to 
2.0 shows a change in guaiacol degradation where the rate is also decreased. The values 
of K1, K2 and K3 increase as the pH is increased from 2.0 to 3.0 and then decrease as the 
pH is further increased to 4 and 5. The highest value for K1 and K2 appears at pH 3.0, 
indicating that guaiacol degradation favors radical reaction over complex reaction. The 












4.1.2 Effect of the Dosing Rate of H2O2 on Guaiacol Degradation 
 
 Fig. 4.2 shows the plot of experimental data on guaiacol degradation at different 
dosing rate of hydrogen peroxide done by Samet et al. (2011) represented by the symbols 
and the modelled data from the unified model in Eq. 15 are represented by the lines. 
Parameter K1, K2 and K3 determined through nonlinear multiple regression by using 




Figure 4.2: Effect of dosing rate of H2O2 on guaiacol solution COD degradation 
 
Operational conditions: [Fe2+]o = 8 mM, temperature 40 °C and pH 3.0. 
Table 4.2: Results of guaiacol degradation at different dosing rate of H2O2 
 
H2O2 = 15 
mg/min 
H2O2 = 24 
mg/min 
H2O2 = 30 
mg/min 
H2O2 = 60 
mg/min 
K₁ 0.0652 0.0980 0.1033 0.1528 
K₂ 0.1001 0.1341 0.0807 0.0844 
K₃ 0.0011 0.0013 0.0045 0.0354 
K (K₁ + K₂) 0.1653 0.2321 0.1840 0.2372 




































Effect of the dosing rate of H₂O₂ on Guaiacol 
solution COD Degradation
H₂O₂ = 15 mg/min
H₂O₂ = 24 mg/min
H₂O₂ = 30 mg/min
H₂O₂ = 60 mg/min
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It can be observed from Fig. 4.2 that the rate of degradation of guaiacol increases 
with increasing dosing rate of H2O2. The higher the dosing rate of H2O2, the higher the 
rate of formation of hydroxyl radical which is responsible in the degradation of guaiacol. 
However, the concentration of H2O2 must not exceed the stoichiometric quantity where 
higher concentration of H2O2 will act as the hydroxyl radical scavenger (Harimurti et al., 
2010). Simultaneous production of oxygen from the reaction between ferric ions and 
hydroperoxyl radical as shown in the equations below. 
 
                                                   H2O2 + HO
• → HO2
• + H2O                                        (31) 
 
                                                   Fe3+ + HO2
• → Fe2+ + O2 + H
+                                (32) 
 
Eq. 31 has a bigger impact on the degradation of organic compound as compared 
to Eq. 32 because ferric ions are not present from the beginning. Thus, a very high 
concentration of hydrogen peroxide hinders efficient utilization of the hydroxyl radicals. 
The degradation of guaiacol through Fenton’s process with varying dosing rate of H2O2 
can be well predicted with the unified model based on the plotted experimental and 
calculated results. 
 
It can be observed that from the calculated results that the radical reaction is not 
the preferred way for guaiacol degradation in Fenton’s process. Degradation of guaiacol 
prefers the complex pathways due to its highest value of K2. Nevertheless, this model can 
still be used to safely predict the guaiacol degradation at varying dosing rate of hydrogen 
peroxide. The low value of K3 can be related to the inefficient removal of organic 









4.1.3 Effect of Initial Concentration of Fe2+ Ion on Guaiacol Degradation 
 
Fig. 4.3 shows the plot of experimental data on guaiacol degradation at different 
initial concentration of ferrous ion done by Samet et al. (2011) represented by the symbols 
and the modelled data from the unified model in Eq. 15 are represented by the lines. 
Parameter K1, K2 and K3 determined through nonlinear multiple regression by using 
MATLAB software are shown in Table 4.3. 
 
 
Figure 4.3: Effect of initial concentration of Fe2+ ion on guaiacol solution COD degradation 
 
Operational conditions: Dosing rate of H2O2 60 mg min
-1, pH 3.0 and temperature 
 40 °C 
 
Table 1.3: Results of guaiacol degradation at different initial concentration of Fe2+ 
 Fe2+ = 4 mM Fe2+ = 8 mM Fe2+ = 25 mM Fe2+ = 40 mM 
K₁ 0.0811 0.1579 0.1584 0.1252 
K₂ 0.0589 0.0972 0.1043 0.0368 
K₃ 0.0146 0.0386 0.0328 0.0129 
K (K₁ + K₂) 0.1400 0.2551 0.2627 0.1620 




































Effect of the Initial Concentration of Fe2+ on 
Guaiacol solution COD Degradation
Fe2+ = 4 mM
Fe2+ = 8 mM
Fe2+ = 25 mM
Fe2+ = 40 mM
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From Fig. 4.3 it can be observed that the rate of degradation of guaiacol increases 
with increasing initial concentration of ferrous ion from 4 mM to 8 mM. However, the 
degradation decreases as the initial concentration of ferrous ion is increased to 40 mM. 
The increase in degradation of guaiacol from 4 mM to 8 mM can be explained by the fact 
that ferrous ion is the catalyst to produce very reactive hydroxyl radical from 
decomposition of hydrogen peroxide as shown in Eq. 1. Therefore, better degradation of 
guaiacol can be achieved with higher concentration of ferrous ion due to the increase in 
hydroxyl radical. However, when the ferrous ion concentration is increased from 8 mM 
to 25 mM and 40 mM, the rate of degradation decreases due to the competitive 
consumption of hydroxyl and perhydroxyl radicals (Samet et al., 2011). Another side 
effect of using higher concentration of ferrous ion will produce a higher amount of ferric 
ion sludge which is expensive to be treated and requires large quantity of chemicals as 
well as manpower (Ramirez et al., 2007). 
 
According to the results obtained from the simulation of guaiacol degradation for 
varying ferrous ion concentration, the values of K1 is high enough to support the evidence 
that guaiacol follows the radical reaction for its degradation in Fenton’s process. The 
value of K3 however is still the highest as compared to the other three values. From the 
simulation of these parameters, guaiacol degradation can be sufficiently predicted by 














4.2 Monoethanolamine Degradation Prediction with the Unified Model 
 
 The same unified model as shown in Eq. 15 is used to simulate the degradation of 
MEA in Fenton’s process. The calculated results are then validated with the experimental 
results done by Harimurti et al. (2010) on the degradation of MEA in aqueous solution by 
Fenton’s reagent. The values of K1, K2 and K3 are determined through nonlinear multiple 
regression and the results are as shown below. 
 
 4.2.1 Effect of Initial pH on MEA Degradation 
 
 Fig. 4.4 shows the plot of experimental data on MEA degradation at different 
initial concentration of ferrous ion done by Samet et al. (2011) represented by the symbols 
and the modelled data from the unified model in Eq. 15 are represented by the lines. 
Parameter K1, K2 and K3 determined through nonlinear multiple regression by using 
MATLAB software are shown in Table 4.4. 
 
 
Figure 4.4: Effect of initial pH on monoethanolamine solution COD degradation 
  












































Table 4.4: Results of MEA degradation at different initial concentration of pH 
 pH = 2 pH = 3 pH = 4 pH = 5 
K₁ 0.1169 0.2686 0.2459 0.1491 
K₂ 0.3649 0.2529 0.3861 0.9593 
K₃ 0.0002 0.0068 0.0009 0.0086 
K (K₁ + K₂) 0.4818 0.5215 0.6320 1.1084 
α (K₁/K₂) 0.3204 1.0621 0.6369 0.1554 
 
 The degradation of MEA is effective at pH 3.0 in agreement with the degradation 
of guaiacol in the previous section where pH 3.0 is the optimum condition for the 
degradation to occur due to the acidic condition. Hydroxyl radicals are largely produced 
from the decomposition of H2O2 in this acidic range of pH. However, as stated before, the 
degradation performance decreases when pH value deviates is out of the 2.5-3.5 range 
(Khamaruddin et al., 2011; Oancea and Meltzer, 2013; Tokumura et al., 2013). 
 
 The reduce in the degradation of MEA in the lower pH range is due to several 
factors which include the formation of complex ion between ferric ion and hydrogen 
peroxide such as oxonium ion resulted from the solvating ability of hydrogen ion and the 
enhanced scavenging effect of hydroxyl radical by hydrogen ion. Protonation of hydrogen 
ion to form the stable oxonium ion is also another contributor to the decrease in MEA 
degradation in pH lower than 3.0. The degradation of MEA also decreases for pH more 
than 3.0 due to the decomposition of hydrogen peroxide to give water and carbon dioxide 
which resulted in losing of its oxidation ability (Gulkaya et al., 2006). 
 
 For the values of K1, K2 and K3 obtained from the nonlinear multiple regression 
of the unified model, it can be observed that the degradation of MEA can be predicted by 
this model. The degradation pathway of MEA can be assumed to follow radical reaction 







 4.2.2 Effect of Hydrogen Peroxide Concentration on MEA Degradation 
 
 Fig. 4.5 shows the plot of experimental data on MEA degradation at different 
hydrogen peroxide concentration done by Samet et al. (2011) represented by the symbols 
and the modelled data from the unified model in Eq. 15 are represented by the lines. 
Parameter K1, K2 and K3 determined through nonlinear multiple regression by using 
MATLAB software are shown in Table 4.5. 
 
  
Figure 4.5: Effect of H2O2 concentration on MEA solution COD degradation 
 
Table 4.5: Results of MEA degradation obtained for different H2O2 concentration 
 H2O2 = 0.708 M H2O2 = 1.415 M H2O2 = 2.123 M H2O2 = 2.831 M 
K₁ 0.2441 0.2677 0.3221 0.1924 
K₂ 0.6401 0.3899 0.3716 0.2888 
K₃ 0.0034 0.0030 0.0108 0.0052 
K (K₁ + K₂) 0.8842 0.6576 0.6937 0.4812 






































Effect of the dosing rate of H₂O₂ on MEA 
solution COD Degradation
H₂O₂ = 0.708 M
H₂O₂ = 1.415 M
H₂O₂ = 2.123 M
H₂O₂ = 2.831 M
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 The degradation of MEA is effective at the H2O2 of 2.123 M as shown in Fig. 4.5 
above where any increase of decrease of H2O2 will result in the reduce of MEA 
degradation. Excess H2O2 concentration will result in the scavenging effect of hydroxyl 
radical. The same observation can be deduced from the discussion for the degradation of 
guaiacol where simultaneous generation of oxygen from the excess H2O2 concentration 
does not help in the degradation process (Harimurti et al., 2010). In the presence of higher 
concentration of H2O2, organic compounds will have to compete with H2O2 to react with 
hydroxyl radical which will result in reduced treatment efficiency (Samet et al., 2011). 
The optimum concentration of H2O2 will depend on the type of organic compounds for 
the Fenton’s oxidation. 
 
 From the calculated results presented in Table 4.5, it shows that the radical 
pathway is not the efficient way for MEA degradation (Feng and Le-Cheng, 2004). The 
value of K1 and K3 for H2O2 concentration of 2.831 M are not comparatively higher as 
compared to the values of K1 and K3 for other H2O2 concentration. The low value of K3 
indicates that the removal of organic intermediate such as acetic acid is not efficient 

















 4.2.3 Effect of Ferrous Iron Dosing on MEA Degradation 
 
 Fig. 4.6 shows the plot of experimental data on MEA degradation at different 
ferrous iron dosing done by Samet et al. (2011) represented by the symbols and the 
modelled data from the unified model in Eq. 15 are represented by the lines. Parameter 
K1, K2 and K3 determined through nonlinear multiple regression by using MATLAB 
software are shown in Table 4.6. 
 
 
Figure 4.6: Effect of Fe2+ dosing on MEA solution COD degradation 
 
Table 4.6: Results of MEA degradation for different Fe2+ dosing 
 Fe2+ = 14 mM Fe2+ = 29 mM Fe2+ = 43 mM Fe2+ = 58 mM 
K₁ 0.0168 0.3084 0.0721 0.0871 
K₂ 0.2413 0.7149 0.1543 0.3203 
K₃ 0.0004 0.0089 0.0016 0.0010 
K (K₁ + K₂) 0.2581 1.0233 0.2264 0.4074 






































Effect of Initial Concentration of Fe2+ on MEA 
solution COD Degradation
Fe2+ = 14 mM
Fe2+ = 29 mM
Fe2+ = 43 mM
Fe2+ = 58 mM
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 From Fig. 4.6, the rate of degradation of MEA is optimum at ferrous ion 
concentration of 29 mM. Increasing ferrous ion concentration resulted in the increasing 
of hydroxyl radical availability for the degradation of MEA according to the Eq. 1. 
Ferrous ion act as the catalyst for the formation of hydroxyl radical which will further 
degrade MEA into water and carbon dioxide. However, further increment of ferrous iron 
concentration from 29 mM to 43 mM and 58 mM resulted in the reduction of MEA 
degradation due to the competitive consumption of hydroxyl radical and perhydroxyl 
radical (Samet et al., 2011). 
 
 According to the calculated results in Table 4.6, the highest value of K1 and K3 
are at ferrous ion with concentration of 29 mM which indicates that the degradation of 
MEA for different ferrous ion concentration favors the radical oxidation. It can be 
assumed that the degradation of MEA follows the unified model as shown in Eq. 15 based 




















4.3 Mechanistic Study of Phenol Degradation in Fenton’s Process 
 
 From the model developed for the degradation of phenol in section 3.2.2, the 












 In the development of the model, a set of reactions has been considered, Eqs. 16-
20, where the intermediates formed are hydroquinone and catechol. The time evolution 
of phenol, hydroquinone, catechol and carbon dioxide can be obtained from the 








































 By plotting the value of ln([C6H6O]0/[C6H6O]) as a function of reaction time from 
the derivation of Eq. 22, first-order kinetics with respect to phenol could be obtained as 
shown below with the linear correlation coefficients (R2) and kap or the slopes of the first-
order kinetics which are shown in the table 3.1. The values of kap are dependent on the 
hydrogen peroxide concentration and it is first order.  
 
   
Figure 3: Fitting of the experimental data to first order reaction kinetics for different H2O2 dosing rate 
  
 The variation of the apparent rate constant (kap) values at different hydrogen 
peroxide concentration is plotted as below where it can be observed that the values of kap 
increases with increasing H2O2 concentration. The increase in H2O2 result in the increase 
of hydroxyl radical formation from Eq. 1 where ferrous iron acts as the catalyst for the 





































Figure 4.9: Evolution of kap at different H2O2 concentration for phenol degradation 
 
 The experimental values are then plotted against the calculated values from Eq. 




Figure 4.10: Calculated data from the mechanistic model and the experimental data (Pontes et al., 2010) 
  













Effect of initial H2O2 concentration on the 



































 From Fig. 4.10, it can be observed that the degradation of phenol can be roughly 
predicted by using the model developed in section 3.2.2. The rate of degradation of phenol 
increases with the increase in H2O2 concentration to the increase in hydroxyl radical 
formed from Eq. 1.  
 
 For improvement of the model developed, it is suggested to establish a correction 
factor for the model in the future work. Consideration of higher order reaction can also be 
































5. CONCLUSIONS AND RECOMMENDATIONS 
5.1 Conclusions 
 
The project addresses the mathematical modeling of the refractory organic 
compound degradation by the Fenton’s oxidation. The kinetic model was developed by 
using the methods used by established research. In this project, the development of 
mathematical model was done based on these three operating parameters, namely pH 
variation, hydrogen peroxide concentration and ferrous iron concentration. The 
established model will be compared with the experimental results in order to develop a 
mathematical model which can be used to predict the performance of refractory organic 
compound degradation through the Fenton’s oxidation. The project is within the 
capability of a final year student to be executed with the help and guidance from the 
supervisor and the coordinator. The feasibility of this project is well-suited with the time 
frame and can be completed within the allocated time. The student will also have the 
opportunity to explore in depth the use of engineering software such as MATLAB and 
POLYMATH in determining the model parameters. Thus, this project is a good platform 
for the student to experience working environment by solving real-life situations with the 
aid of engineering software. The model developed can be used to predict the performance 
of organic compounds degradation in Fenton’s process for respective organic compounds. 
The unified model can be used to predict different organic compounds and preferred 









The suggested future work for this project will include the simulation of more 
organic compounds with the unified model to validate its effectiveness in predicting the 
organic compounds degradation. The simulated results can be validated with the 
established experimental data done by previous researchers on different parameters. 
Besides that, the mechanistic model of phenol degradation developed in this 
project can be further improvised to obtain more complete simulation of experimental 
results for phenol degradation. The accuracy of the model can be improved by considering 
more sets of reactions and by introducing a correction factor for the developed model. 
Besides that, experimental work can also be conducted together with the development of 
the mechanistic model for the ease of experimental results analysis. Different parameters 
could be used in future work expansion where it will best represent the model developed. 
The improvisation of the model can be achieved by considering and comparing higher 
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The values of K1, K2 and K3 are determined through non-linear regression method 






% the data 
    x = [0, 2.5, 5, 10, 15, 20]; 
    y = [1, 0.62, 0.45, 0.36, 0.32, 0.30]; 
% the proposed model (fh is a handle to the function) 
    fh = @(k,x) ((k(2)./(k(1)+k(2)-k(3)))*exp(-k(3)*x))+(((k(1)-
k(3))./(k(1)+k(2)-k(3)))*exp(-k(1)*x-k(2)*x)); 
% guess values for parameters 
    k0 = [0.5000,0.5000,0.0500]; 
% plot the raw data 
    plot (x,y,'s','markersize',5,'color',[0,0,0]); 
    hold on 
% determine the best fit values for coefficient (khat) 
    khat = nlinfit(x,y,fh,k0); 
% plot the fit 
    xf = linspace (x(1), x(length(x))); 
    plot(xf,fh(khat,xf),'linewidth',1,'color',[1,0,0]); 
    legend('original data','fit data','location','Best') 
% the result 
    khat(1) 
    khat(2) 
    khat(3) 
 
This model is then applied to other degradation of organic compounds where 













Multiple linear regression of developed model for phenol degradation. 
 
SUMMARY 
OUTPUT      
      
Regression Statistics     
Multiple R 0.84649687     
R Square 0.716556952     
Adjusted R Square 0.635573224     
Standard Error 3.23912E-06     
Observations 10     
      
ANOVA      
  df SS MS F Significance F 
Regression 2 1.85668E-10 9.28339E-11 8.848159609 0.012123565 
Residual 7 7.34432E-11 1.04919E-11   
Total 9 2.59111E-10       
 
  Coefficients Standard Error t Stat P-value 
Intercept 5.27056E-05 2.4955E-06 21.12031333 1.34224E-07 
X Variable 1 -2.55326E-06 8.82223E-06 -0.289412089 0.780650165 
X Variable 2 -8.06292E-07 3.1358E-06 -0.257124759 0.80447666 
 
  Coefficients 
Standard 









Intercept 5.2706E-05 2.496E-06 21.1203 1.34224E-07 4.681E-05 5.861E-05 4.680E-05 5.861E-05 
X Variable 1 -2.553E-06 8.822E-06 -0.2894 0.780650165 -2.34E-05 1.831E-05 -2.34E-05 1.831E-05 
X Variable 2 -8.063E-07 3.136E-06 -0.2571 0.80447666 -8.22E-06 6.609E-06 -8.22E-06 6.609E-06 
 
RESIDUAL 
OUTPUT   
Observation Predicted Y Residuals 
1 5.27056E-05 3.16361E-07 
2 5.22485E-05 -4.90886E-07 
3 5.17349E-05 -1.17804E-07 
4 5.05093E-05 -1.02148E-06 
5 4.59397E-05 2.6455E-06 
6 4.32169E-05 4.77514E-06 
7 4.24901E-05 2.09225E-06 
8 4.26339E-05 5.39893E-08 
9 4.26909E-05 -2.74682E-06 
10 4.27105E-05 -5.50625E-06 
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